Abstract Deltas form over basements of various slope configurations. While the morphodynamics of prograding deltas over single-slope basements have been studied previously, our understanding of delta progradation over segmented basements is still limited. Here we use experimental and analytical approaches to investigate the deltaic morphologies developing over two-slope basements with unequal subaerial and subaqueous slopes. For each case considered, the scaled profiles of the evolving delta collapse to a single profile for constant water and sediment influxes, allowing us to use the analytical self-similar profiles to investigate the individual effects of subaerial/subaqueous slopes. Individually varying the subaerial/subaqueous slopes exerts asymmetric effects on the morphologies. Increasing the subaerial slope advances the entire delta; increasing the subaqueous slope advances the upstream boundary of the topset yet causes the downstream boundary to retreat. The delta front exhibits a first-retreat-then-advance migrating trend with increasing subaqueous slope. A decrease in subaerial topset length is always accompanied by an increase in subaqueous volume fraction, no matter which segment is steepened. Applications are presented for estimating shoreline retreat caused by steepening of basement slopes, and estimating subaqueous volume and delta front using the observed topset length. The results may have implications for real-world delta systems subjected to upstream tectonic uplift and/or downstream subsidence. Both scenarios would exhibit reduced topset lengths, which are indicative of the accompanied increases in subaqueous volume and signal tectonic uplift and/or subsidence that are at play. We highlight herein the importance of geometric controls on partitioning of sediment between subaerial and subaqueous delta components.
Introduction
A delta forms where an alluvial river enters a basin (e.g., lake, reservoir, or sea) and loses its sediment transport capacity. The longitudinal profile of a delta deposit typically consists of a gently sloping subaerial topset and a steeply sloping subaqueous foreset (Figure 1 ). When subjected to steady supplies of sediment, the topset bed aggrades over time while the foreset gradually progrades into the basin. The shoreline is a moving boundary at the river-basin interface that separates topset and foreset ( Figure 2 ). As a delta evolves over a bedrock channel, the bedrock basement may become exposed due to the sediment supply-limited condition. As a result, the bedrock channel is partially covered by deltaic alluvium and exhibits a bedrock-alluvial transition, which behaves as another moving boundary. Together, these two moving boundaries define the extent of the topset bed. While the morphodynamics of evolving deltas over single-slope bedrock basements have been studied previously (e.g., Lai & Capart, 2009; Lorenzo-Trueba et al., 2009) , it is unclear if variation in basement slope configuration can produce different deltaic morphologies.
The basement of the channel over which the delta forms may have a uniform gradient, gradually varying slope, or a segmented profile marked by distinct slope-break knickpoints (Figure 1 ). Bedrock channels can accommodate changes in tectonic and lithologic forcing by variation of channel slopes and formation of knickpoints (see reviews by Kirby & Whipple, 2012; Whipple, DiBiase, & Crosby, 2013, and references therein) . Two examples of river deltas prograding over bedrock basements with slope-break knickpoints are given in Figure 1 . The Tarbela delta, a reservoir infilling delta that formed after the Indus River (Pakistan), was dammed in 1976, developed over a basement where the channel is steeper upstream of the knickpoint. The basement is mainly composed of igneous and metamorphic rocks and has undergone significant deformation due to a high degree of tectonic activity (Ahmed & Sanchez, 2011) . Progradation of the delta was faster than expected; in 2006 the delta front reached a point approximately 11 km away from the dam. This endangers the low-level outlets and power plant, which could be blocked by the liquefaction of sediment produced by earthquakes common in this region. If an increasing rate of tectonic uplift further steepens the upstream segment, the delta may advance farther downstream, putting the facilities at higher risk.
The Rhône delta, located at the mouth of the Rhône River (southern France), developed over a basement that is steeper downstream of the knickpoint. The delta is bounded to the east by the Salon-Cavaillon fault, which is inherited from the late Hercynian tectonics. Studies show that the fault has been active since the Pleistocene and Holocene, resulting in subsidence of its western compartment across the normal faults, where the Rhône delta is situated (Boyer et al., 2005) . Combination of subsidence and wave dynamics gave rise to a rapid retreat of the shoreline. The area in front of the Camargue has retreated approximately 5 m each year. Like many other large river deltas, the Rhône delta is an important center for population, culture, and agricultural activity, creating a vast wetland with rich biology and diverse landscapes. Shoreline retreat can cause inundations and wetland losses. If continued subsidence further steepens the downstream segment, the shoreline may retreat farther upstream, posing a threat to coastal communities.
Segmented channel profiles are prevalent in natural fluvial systems, yet our knowledge on delta progradation over segmented bedrock channels is still limited. To date, most experimental studies on the longitudinal profiles and the stratigraphy of prograding deltas have adopted single-slope settings (e.g., Baumanis & Kim, 2016; Kostic & Parker, 2003; Kostic, Parker, & Marr, 2002; López, Kim, & Steel, 2014; Muto, 2001; Muto & Swenson, 2005) . In these studies, the basement slopes were kept fixed or varied over a range. The only studies that have used two-slope basements are those conducted by Petter and Muto (2008) and Tomer, Muto, and Kim (2011) to investigate the delta morphodynamics in response to steady rise and fall of sea level, where the steeper subaerial slope represented the hinterland and the milder subaqueous slope represented the receiving basin. Figure 1 . Examples of river deltas prograding over bedrock basements with slope-break knickpoints: (a) Tarbela delta, Pakistan (Ahmed & Sanchez, 2011) , channel is steeper upstream of the knickpoint; (b) Rhône delta, France (Boyer et al., 2005) , channel is steeper downstream of the knickpoint. The blue and red lines are subaerial and subaqueous basements, respectively. 
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None of these experimental studies, however, has investigated the morphological responses of the prograding delta (such as shoreline retreat and changes in topset/foreset dimensions) to variations of subaerial and subaqueous slopes in a two-slope setting.
In recent years, a series of analytical studies has dealt with the morphodynamics of prograding deltas, following the notion that delta progradation into a basin is analogous to heat transfer and can be treated as a generalized Stefan problem, where the shoreline represents the phase front. Swenson et al. (2000) was the first to apply the diffusion-based moving boundary problem to modeling delta morphodynamics. Voller, Swenson, and Paola (2004) proposed a self-similarity structure for solving this class of problem, which led to a similarity solution for Gilbert-type deltas prograding over sloping basins. Capart, Bellal, and Young (2007) applied this similarity structure to a range of alluvial problems with a single moving boundary situated in different semi-infinite settings. Lai and Capart (2007) presented a series of analytical similarity solutions where the geomorphic actions of hyperpycnal flows were treated as a two-diffusion process. Subsequently, Lorenzo-Trueba et al. (2009) and Lai and Capart (2009) devised analytical solutions for Gilbert and hyperpycnal deltas with two moving boundaries.
Despite these progresses, the use of a combination of analytical and experimental approaches to better understand the morphodynamics of prograding deltas over two-slope basements is still lacking. Lai and Capart (2007) have pointed out that the analytical slope setting could be made more general by allowing the basement to have different slopes upstream and downstream of the initial shoreline, yet still admit similarity solutions. Here we extend the previous analytical models by incorporating the two-slope condition. To validate the analytical model, we perform a series of flume experiments to observe the evolving morphologies of the prograding deltas over a range of two-slope basements. The model is then used to investigate the effects of varying subaerial and subaqueous slopes on the self-similar morphology of the prograding delta. We also apply the analytical model to evaluate the shoreline retreat, migration of delta front, and partitioning of delta deposit in response to variation of subaerial and subaqueous slopes and discuss their implications for real-world delta systems. This paper is structured as follows. Section 2 introduces the analytical approach used. Section 3 describes the flume experiments. In section 4, the experimental results are presented and compared to the analytical results. In section 5, the analytical model is used to investigate the effects of segmented two-slope basements on the morphologies of prograding deltas. Applications and implications of the results are discussed in section 6. Finally, we summarize the important findings of this study.
Analytical Approach
We briefly introduce herein the analytical morphodynamic model and similarity solutions. Modeling the geomorphic actions of the fluvial flow as a diffusion process and treating the bedrock-alluvial transition and shoreline as two moving boundaries permit an analytical similarity solution for the evolving delta profile. The model extends the works of Capart (2009) and Lorenzo-Trueba et al. (2009) by incorporating the segmented two-slope basements. In the previous works, analytical solutions were devised for hyperpycnal and Gilbert-type deltas prograding over single-slope basements.
Analytical Morphodynamic Model
Following Lai and Capart (2009) , we consider a straight, long valley with bedrock sides and basement, which has a constant width and connects to a basin of constant water level subjected to little or no marine energy, allowing us to focus on the development of the longitudinal profile of a Gilbert-type delta from the bedrockalluvial transition to foreset toe (Figure 2a ). The Gilbert delta is characterized by (1) a topset with a gentle slope, (2) a foreset with a sloping face at the angle of repose, and (3) negligible efflux from the foreset. The present model is applicable to classical Gilbert deltas or river deltas such as Tarbela and Rhône, where a constant average slope and shape approximation may be suitable over the foreset (Wolinsky, 2009) . Modeling the progradation of a hyperpycnal delta involves a two-diffusion process over the topset and foreset, which is not covered herein.
The moving shoreline separates the subaerial topset and subaqueous foreset deposits. Upstream of the shoreline, aggradation of the topset raises the river bed, driving headward migration of the bedrock-alluvial transition. Downstream, the foreset deposit progrades into the basin by gravitational avalanching. For Journal of Geophysical Research: Earth Surface 10.1002/2017JF004244 simplicity, we adopted a coordinate system in which the origin of the two-slope basement is located at the slope break and the water level aligns with z = 0. Above the origin is the subaerial segment, and below the origin is the subaqueous segment. Initially, the two-slope basement has a bed elevation profile z 0 expressed as follows:
where S 1 = tan θ 1 , S 2 = tan θ 2 , representing the slopes of the subaerial and subaqueous segments, respectively, and θ 1 and θ 2 are the corresponding basement angles (Figure 2a ). From the upstream end, there are steady supplies of unit-width water discharge Q and volumetric sediment influx I. Here I is assumed to be less than the transport capacity of the bedrock river (i.e., the river is supply limited); thus, sediment will not deposit before reaching the aggrading delta. Evolution of the bed profile may be described by the 1-D Exner equation:
where z(x, t) is the bed elevation profile and j(x, t) is the bed load transport rate, taken to be the unit-width volumetric flux of bed material (i.e., sediment plus pores). The bed profile is subject to the bedrock and slope-stability constraints:
where R = tan ϕ is the slope at angle of repose ϕ. Equation (3) suggests that bed slopes are always maintained at or below R, and avalanching takes place when the local bed slope exceeds R. Over the topset, the bed load transport rate j(x, t) is evaluated using the modified diffusive relation (Lai & Capart, 2007) :
where D is diffusivity, S = À ∂z/∂x is local bed slope, and S min is the threshold bed slope required for bed load transport, ranging between 0.035 and 0.055 in our experiments. An average value of 0.045 was used in section 5 under various slope conditions. The diffusivity is proportional to Q (Lai & Capart, 2007) , as expressed by
where α is dimensionless parameter to be calibrated. A value of 0.6 was chosen in our experiments, as a smaller α led to a longer, concave topset while a greater α resulted in a shorter, planar topset. The term n 0 is the porosity of bed sediment, ρ s is the density of sediment, and ρ w is the density of water.
Substituting equation (4) into equation (2) yields the diffusion equation for the topset profile bounded by two moving boundaries:
where s
(t) and s
(t) denote the evolving positions of the bedrock-alluvial transition and shoreline ( Figure 2a ). The corresponding boundary conditions are prescribed as follows:
Equation (10) describes the continuity between the sediment flux supplied to the shoreline and the rate of volume change of the foreset deposit, derived from geometrical arguments Lai & Capart, 2009; Swenson et al., 2000; Voller et al., 2004) . For the foreset profile, we adopted the notion that the time required for developing the avalanche face is small compared to that needed for developing the topset profile, and thus, a sloping face at the angle of repose was applied to the foreset ( 
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Analytical Similarity Solution
Equation (6) constitutes a nonlinear moving boundary problem. Following prior works Lai & Capart, 2009; Lorenzo-Trueba et al., 2009; Voller et al., 2004) , we assumed that the moving boundaries s (1) (t) and s (2) (t) migrate according to
where λ (1) and λ (2) denote the scaled (or nondimensionalized) positions of the bedrock-alluvial transition and shoreline, respectively. A similarity form was adopted for the evolving topset profile:
Equations (11)- (13) state that the topset length and height evolve according to the selfsimilar profile governed by the shape function f(σ) and time-varying length scale ffiffiffiffiffi Dt p .
By substituting equations (11)- (13) into equation (6) and making repeated applications of the chain rule, the partial differential equation (6) was reduced to an ordinary differential equation:
where
Similarly, the boundary conditions given in equations (7)- (10) 
The analytical solution of (14) then took the following form (see Capart et al., 2007 , for details):
where ierfc is the first integral of the complementary error function; A and B are integration constants defining the shape function f(σ), which were determined from the boundary conditions as follows. At the bedrockalluvial transition, i.e., at σ = λ (1) , equations (15)- (16) yield
At the shoreline, i.e., at σ = λ (2) , equations (17)- (18) yield
Journal of Geophysical Research: Earth Surface
10.1002/2017JF004244
The integration constants {A (1) , B (1) } and {A (2) , B (2) } determined from these two boundary conditions should be identical to each other. As such, the scaled positions of the two boundaries, λ (1) and λ (2) , could be solved numerically via the following system of transcendental equations:
The solutions, λ (1) and λ (2) , were substituted into equations (20) and (21) or (22) and (23) to determine the constants {A, B}. At this stage, the complete set of solutions, including the topset profile and two moving boundaries, were all determined. The effects of S 1 and S 2 on the delta profile and moving boundaries are felt through the constants {A, B} and scaled boundaries {λ (1) , λ (2) }, as exhibited by equations (20)- (24).
Note here that although ffiffiffiffiffi Dt p was used in previous studies as a length scale, the same similarity would apply if ffiffiffiffiffi Dt p was replaced by ffiffiffi It p (Lai & Capart, 2009) . In this study, such replacement was done by multiplying the left-hand sides of equations (11)- (13) by ffiffiffiffiffiffiffi D=I p . The advantage of using ffiffiffi It p as the length scale is that the scaled volume of the evolving delta would be constantly equal to 1, because It is the total volume of sediment supplied to the system. The scaled dimensions of the delta are defined in Figure 2b .
Flume Experiments
To make detailed observations of a Gilbert delta prograding over two-slope basements, a series of flume experiments were performed. A novel setup was designed for the two-slope settings, which consists of a water tank and six replaceable sediment flumes (Figure 3) . The water tank is 1.8 m (L) by 20 cm (W) by 65 cm (H), inside the tank is a sediment flume 1 cm in width. The internal sediment flume is composed of a two-slope basement and sidewalls, all made of acrylic plates. A thin layer of sediment was glued on the basement surface to provide appropriate roughness. Six sediment flumes were used, including three with steeper subaerial slopes (flumes 1 to 3), one with a single slope (flume 4), and two with steeper subaqueous slopes (flumes 5 and 6).
Before each run, the sediment flume was fixed on an aluminum support placed in the water tank, and then partially submerged. The water level was adjusted with a weir to align with the slope break. Steady unit-width water discharge Q and volumetric sediment influx I were supplied from the upstream end. The sediment used was Ottawa standard sand (median grain size d 50 = 0.17 mm, porosity n 0 = 0.51, and angle of repose ϕ = 36°), which was transported purely as bed load and represented coarse-grained delta deposits. During the runs, coal ashes were added regularly at fixed time intervals to highlight the intrinsic stratigraphy of the delta deposit (Figure 4) . A single-lens reflex camera (Nikon D7100) was used with a digital timer to take time-lapse images every 5 s. The runs lasted for 1,700 s before the delta deposit reached the upstream and downstream boundaries of the flume. A scale bar attached on the tank was used for translation of image pixels to real dimensions. A linear transformation was then performed to produce the (x, z) profile data of the evolving delta (Lai & Capart, 2007) .
Four series of experiments (Series A-D) with a total of 16 runs were performed (Table 1 ). The experimental basement angles ranged from 10°to 40°, consistent with the slope angles typical of bedrock rivers in mountain areas (2°to 38°) (Montgomery & Buffington, 1997) and bedrock channels in coastal badlands (1°to 38°) (Howard & Kerby, 1983) . In Series A-C, the subaqueous angle θ 2 was fixed at 10°while the subaerial angle θ 1 varied from 10°to 40°, among which Runs A1, B1, and C1 had equal angles for the subaerial and subaqueous basements. The main difference among Series A to C was the ratio of water to sediment supplies, Q/I, which was 28.8 ± 0.1 for Series A, 18.3 ± 0.3 for Series B, and 9.6 ± 0.3 for Series C. The aim of Series A to C was to 
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explore the responses of the deltas to variations of θ 1 and Q/I. By contrast, in Series D the subaerial angle θ 1 was fixed at 10°, and the subaqueous angle θ 2 was 20°in Runs D1-D3 and 30°in Run D4. The Q/I ratios of Runs D1 to D3 decreased from 28.7 to 9.8. The Q/I ratios of Runs D2 and D4 were set comparable to those of Series B, allowing an integration with Series B for a complete exploration of delta profiles over a spectrum of angle pairs (θ 1 , θ 2 ).
Experimental Results
In this section the experimental results are presented and compared to the theoretical predictions. The delta profiles that developed over a range of subaerial and subaqueous slopes are presented first. The observed and predicted trajectories of the two boundaries are also compared. Then, the evolving delta profiles are nondimensionalized to demonstrate the morphological self-similarity. Finally, the self-similar delta profiles resulting from different Q/I ratios are presented, showing a consistent response of the prograding deltas to variation of Q/I ratio in a variety of slope settings.
Prograding Deltas Over a Range of Two-Slope Basements
Typical delta profiles that developed over different two-slope basements are shown in Figure 4 , ranging from steeper subaerial slopes (Figures 4a-4c ) to a reference single slope (Figure 4d) , and then to steeper subaqueous slopes (Figures 4e-4f) , where the Q/I ratios were fixed at 18.3 ± 0.3. Typical features of Gilbert deltas, such as the gently sloping topset and steep foreset, are observable. In addition, the coal ashes highlighted the stratigraphy of the delta deposits, for example, the parallel bedding within the foreset and the foreset faces maintained at the angle of repose regardless of the basement slopes.
The primary difference among these results is the adjustment in the dimensions of the topset and foreset in response to variation of basement slopes. Starting from a single-slope basement (Figure 4d ), steepening the subaerial slope thickened the topset, advanced both the bedrock-alluvial transition and shoreline, and lengthened the foreset (Figures 4a-4c) . By contrast, steepening the subaqueous slope thinned and shortened the topset, caused retreat of the shoreline, but lengthened the foreset (Figures 4e and 4f ). Figure 5 shows the evolving delta profiles corresponding to the experiments shown in Figure 4 . The delta profiles predicted with equations (11)-(13) are in good agreement with the observed ones; the former involve two moving boundaries solved as part of analytical components. To examine the moving boundaries, the trajectories of the bedrock-alluvial transition and shoreline are compared to those predicted with equations (11) and (12) (Figure 6 ). Overall, the observed and predicted results are in satisfactory agreement. Minor discrepancies between the observed and predicted s
(1) (t) were attributed to (1) weak hydraulic jumps that took place immediately upstream of the bedrock-alluvial transition over steep subaerial slopes (Figures 4a-4c ) and (2) thin topset deposits that developed over steep subaqueous slopes (Figures 4e and  4f) . The former created a scour trough over the transition; the latter made it difficult to identify the bedrock-alluvial transition. In summary, compared to the results associated with the single-slope basement (Figure 6d ), increasing the subaerial slope (Figures 6a-6c ) or subaqueous slope (Figures 6e and 6f ) invariably suppressed the headward migration of the bedrock-alluvial transition. Increasing the subaerial slope caused shoreline advance, while increasing the subaqueous slope caused retreat. In any case, however, the topset lengths (=s (2) (t) À s (1) (t)) were consistently reduced compared to that associated with the reference singleslope basement.
Self-Similarity of Evolving Delta Profiles
To show that the evolving delta profiles exhibit a morphological self-similarity, in Figure 7 we depict the nondimensionalized delta profiles that are scaled with ffiffiffi It p . As mentioned in section 2.2, scaling the dimensions of the delta with ffiffiffi It p makes the nondimensionalized volumes of the evolving delta constantly equal to 1, allowing a direct inspection of the morphological self-similarity. Figure 7 reveals that the scaled (x, z) data collapse closely to the analytical profiles, indicating that given constant water/sediment influxes the self-similarity of Journal of Geophysical Research: Earth Surface the evolving delta profiles would establish in various slope settings. Such time-independent, self-similar profiles permit comparison of the deltaic morphologies that develop over the two-slope basements with those developing over the reference single-slope basement. The scaled morphological features to be compared are defined in Figure 2b , which include the shoreline λ (2) , topset length L t (=λ (2) À λ (1) ), foreset toe λ (2) + L f (where L f is foreset length), and subaqueous delta volume V f (given V t + V f = 1, V f also represents subaqueous volume fraction, where V t is subaerial delta volume). The morphological features developing over the reference single-slope basement have their notations followed by a subscript 0 (Figure 7d ).
Compared to the reference delta profile (Figure 7d ), increasing the subaerial slope advanced the bedrockalluvial transition and shoreline (Figures 7a-7c) , with the shoreline advances being more subtle (Figure 8a , top). Advances of these boundaries led to the reduced topset lengths and increased subaqueous volume fractions ( Figure 8a , middle and bottom). In contrast, increasing the subaqueous slope advanced moderately the bedrock-alluvial transition (Figures 7e and 7f ) yet caused substantial retreat of the shoreline (Figure 8a , top). Migrations of these boundaries led to the reduced L t and increased V f (Figure 8a , middle and bottom).
In summary, individually varying the subaerial and subaqueous slopes exerts asymmetric effects on the deltaic morphologies. Such effects are most evident for the shorelines, which advance slightly with increasing θ 1 yet retreat significantly with increasing θ 2 . Increasing the basement slopes consistently reduces the topset length yet increases the subaqueous volume. The effects of increasing θ 1 diminish rapidly, while the effects of increasing θ 2 tend to persist. The shoreline retreats with increasing θ 2 , while the foreset toe advances due to the much increased foreset length.
Effect of Q/I Ratio on Deltaic Morphology
The scaled delta profiles associated with different Q/I ratios are used to demonstrate the effect of flow/sediment supplies. The observed and predicted delta profiles for three groups of Q/I ratios are shown in Figure 9 : 28.8 ± 0.1 (Series A and Run D1), 18.3 ± 0.3 (Series B and Run D2), and 9.6 ± 0.3 (Series C and Run D3). The results exhibit a consistent effect of Q/I ratio under various slope conditions. Specifically, increasing the Q/I ratio advanced the entire delta, leading to thinner topsets and longer foresets. As a result, all the shorelines advanced with increasing Q/I (Figure 8b, top) . Topset lengths reduced with increasing Q/I (Figure 8b , middle), as the advances of bedrock-alluvial transition were normally greater than the shoreline advances. An exception was observed for θ 1 = 40°, where the advances of bedrock-alluvial transition were smaller than the advances of shoreline due to the limited space available in the steepest subaerial slope setting (Figure 9a ). 
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The subaqueous volume fractions invariably increased with Q/I (Figure 8b , bottom) due to the increased advances of shoreline. The decreasing difference between the color symbolled lines with increasing θ 1 highlights the diminishing effect of θ 1 (Figure 8b ).
Here we have shown that the morphological responses of the delta to variation in Q/I ratio are strictly monotonic (i.e., strictly increasing or decreasing with Q/I). Thus, to focus on the effects of subaerial and subaqueous slopes, the Q/I ratio will remain fixed in the subsequent investigations.
Effects of Subaerial and Subaqueous Slopes on Deltaic Morphology
Overview
Having confirmed by flume experiments the self-similarity of the evolving delta profiles in a variety of slope settings, here we use the analytical model to investigate systematically the individual effects of subaerial and subaqueous slopes on the deltaic morphology. Throughout this section, only the basement slopes are variable. The water and sediment influxes are fixed as Q = 275 mm 2 /s, I = 8 mm 2 /s, and thus Q/I = 34, which is slightly higher than the Q/I ratio used in Series A.
The subaerial and subaqueous slopes are varied individually to show their asymmetric effects. The scaled profiles in Figure 10a are the results of varying θ 1 from 5°to 25°, with θ 2 fixed at 5°, while those shown in Figure 8 . Variations of scaled shoreline λ (2) , topset length L t , and subaqueous volume fraction V f as a function of (a) θ 1 or θ 2 , corresponding to the results shown in Figure 7 ; (b) Q/I, corresponding to the results shown in Figure 9 ; and (c) θ 1 or θ 2 , corresponding to the results shown in Figure 10 . The smooth curves in Figure 8c are computed in increments of 1°using the analytical model.
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10.1002/2017JF004244 Figure 10b are the results of varying θ 2 from 5°to 25°, with θ 1 fixed at 5°. These results are analogous to those shown in Figure 7 . Specifically, increasing the subaerial slope advances the bedrock-alluvial transition and shoreline, reduces L t , and increases V f (Figure 8c ). In contrast, increasing the subaqueous slope advances the bedrock-alluvial transition yet retreats the shoreline, reduces L t , and increases V f (Figure 8c ). The diminishing effects of θ 1 on λ (2) , L t , and V f are also analogous to those shown in Figure 8a . A unique Figure 9 . Comparison of the scaled delta profiles with different Q/I ratios: Q/I = 28.8 ± 0.1 for Series A and Run D1, 18.3 ± 0.3 for Series B and Run D2, 9.6 ± 0.3 for Series C and Run D3. Predicted and observed results (color lines and circles) for (a-c) θ 1 > θ 2 , (d) θ 1 = θ 2 , and (e) θ 1 < θ 2 .
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feature of the foreset toe is noteworthy. In Figure 10a , the foreset toe keeps pace with the shoreline given that the shapes of the subaqueous delta components are similar triangles. In Figure 10b , the foreset toe retreats as θ 2 is increased from 5°to 15°, but then advances as θ 2 is further increased. This first-retreatthen-advance migrating trend of the foreset toe associated with increasing θ 2 and the diminishing effects associated with increasing θ 1 will be discussed further in section 6.
Relative Effects of Two-Slope Versus Single-Slope Basements
The morphological feature associated with a two-slope basement is compared to that associated with a reference single-slope basement such that the relative effect of two-slope versus single-slope basement may be quantified. As θ 1 is varied, the pairing θ 2 is used to form the reference single-slope basement; as θ 2 is varied, the pairing θ 1 is used to form the reference single-slope basement. To systematically investigate the relative effects, we computed the morphological features using 961 combinations of θ 1 and θ 2 , both varying from 5°to 35°in increments of 1° (Figures 11 and 12) . The morphological features associated with (θ 1 , θ 2 ) were divided by the reference features associated with (θ 2 , θ 2 ) or (θ 1 , θ 1 ); the logarithms of these ratios were used as quantitative indices for the relative effects. Positive logarithmic ratios indicate enhancive effects; negative logarithmic ratios indicate suppressive effects; zero logarithmic ratios indicate neutral effects.
The results of varying θ 1 given constant θ 2 are presented in 2-D phase diagrams (Figure 11 ). The neutral diagonals correspond to the single-slope scenarios with their θ 1 set equal to θ 2 . The neutral diagonal divides the phase diagram into an enhancive region (logarithmic ratios >0) and a suppressive region (logarithmic ratios <0). Figure 11a reveals that the upstream boundaries, λ (1) , are shortened relative to λ 0 (1) as θ 1 are increased relative to θ 2 , whereas λ (1) are lengthened as θ 1 are reduced relative to θ 2 . On the contrary, Figure 11b shows that λ (2) are lengthened relative to λ 0 (2) as θ 1 are increased relative to θ 2 , and λ (2) are shortened as θ 1 are reduced relative to θ 2 . The relative effects on λ (1) are approximately an order of magnitude greater than the relative effects on λ (2) . Therefore, although varying θ 1 exerts opposite effects on λ (1) and λ (2) , the relative effects on L t are dominated by λ (1) (Figure 11c ), where the Figure 11a . The relative effects on V f (Figure 11d ) are in phase with the relative effects on λ (2) (Figure 11b ) because, as noted earlier, for given θ 2 the shapes of the subaqueous delta components associated with varying θ 1 are similar triangles (Figure 10a) .
Similarly, the effects of varying θ 2 given constant θ 1 are shown in Figure 12 . It shows that λ (1) are shortened relative to λ 0 (1) as θ 2 are increased relative to θ 1 , while λ (1) are lengthened as θ 2 are reduced relative to θ 1 (Figure 12a ). The relative effects on λ (2) (Figure 12b ) are similar to those shown in Figure 12a and are in phase with the relative effects on L t (Figure 12c ). The relative effects on V f (Figure 12d ) are out of phase with the other three; V f are increased relative to V f0 as θ 2 are increased relative to θ 1 , while V f are reduced as θ 2 are reduced relative to θ 1 .
Figures 11 and 12 demonstrate the asymmetric effects of varying the subaerial and subaqueous slopes. Nonetheless, a consistent trend is shown in Figures 11c and 11d and 12c and 12d . The topset lengths L t are invariably decreased, while the subaqueous volume fractions V f are invariably increased, as θ 1 or θ 2 are increased relative to the reference single-slope angles. This implies that a decrease in L t is always accompanied by an increase in V f , no matter which segment is steepened.
The results shown here may have practical implications for delta systems that are subjected to tectonic uplift in the upstream segment and/or subsidence in the downstream segment. Both of these scenarios would induce steepening of basement slopes and thus exhibit a decrease in subaerial topset length, which may be viewed as an indication of the accompanied increase in subaqueous volume, and also a signal of tectonic uplift and/or subsidence that are at play. 
Discussion
In this section, we present three application examples and discuss their implications for the morphological responses of real-world delta systems. The first application used the 2-D phase diagrams to estimate the shoreline retreats induced by the steepening of subaerial and subaqueous slopes. The second and third applications used the observed subaerial topset length to estimate the key subaqueous delta features (i.e., foreset toe and foreset volume).
Estimation of Shoreline Retreat Using 2-D Phase Diagrams
The 2-D phase diagrams given in Figures 11b and 12b may be applied as a tool for looking up the relative effect of two-slope versus single-slope basement on the shoreline. For instance, we can retrieve from Figure 11b the value of log(λ (2) (20°, 10°)/λ 0 (2) (10°, 10°)) = 0.0108, which gives λ (2) (20°, 10°)/ λ 0 (2) (10°, 10°) = 1.025, implying a 2.5% increase of λ (2) relative to λ 0 (2) as θ 1 is increased from 10°to 20°given
With the "chain rule" given as follows, we can evaluate the relative effect of any two-slope basement (θ C , θ D ) versus an initial two-slope basement (θ A , θ B ):
where the first and second terms on the right-hand side may be retrieved from Figure 12b , while the third and fourth terms may be retrieved from Figure 11b . As an example, we consider migration of shoreline in case the subaerial and subaqueous slopes were steepened from (20°, 10°) to (25°, 15°) due to increased tectonic uplift upstream of the knickpoint and subsidence downstream. The dvances the shoreline (by 0.4%), an increase in θ 2 from 10°to 15°causes a much greater retreat of shoreline (by 22%), leading to a 21.3% (=1 À 0.7867) retreat relative to the initial one.
Shoreline retreat can cause inundations and wetland losses (e.g., Rhône delta and Mississippi delta), which pose a threat to coastal communities. Here we have shown that shoreline retreats are associated with variation in subaerial or subaqueous slopes (Figures 11b and 12b) . In particular, shoreline migrations associated with the varying subaqueous slopes are at least an order of magnitude greater than those associated with the varying subaerial slopes. The steepening of subaqueous slopes due to coastal subsidence is ubiquitous in real-world delta systems, caused either by deep crustal processes or by shallow compaction (e.g., Dokka, 2006; Törnqvist et al., 2008) . For delta systems subjected to tectonic uplift and coastal subsidence, such as the Rhône delta, there is a possibility that shoreline retreat could be counteracted by shoreline advance associated with the steepening of subaerial slope. However, in view of an order-of-magnitude difference between the subaqueous-steepening-induced shoreline retreat and subaerial-steepening-induced shoreline advance, and given the subsidence rate of 1.4 mm/yr in the Rhône delta and uplift rate of 0.3 mm/yr in the Rhône valley (Boyer et al., 2005; Nocquet et al., 2016) , the possibility for shoreline retreat to be counterbalanced by shoreline advance would be extremely scarce.
Estimating Location of Foreset Toe With Observed Topset Length
We consider two frequently encountered but not yet fully resolved problems, which address the (1) location of foreset toe and (2) subaqueous delta volume using the limited data available, such as on-site surveys or satellite images documenting topset length, under an assumption that the observed dry-wet interface corresponds to the topset-foreset transition (e.g., Geleynse et al., 2015; Lai & Capart, 2009 ).
To address the first problem, we calculated the foreset toe λ (2) + L f and topset length L t for each pair of (θ 1 , θ 2 ) and plotted λ (2) + L f versus L t as a function of θ 1 and θ 2 (Figure 13a) . A unique feature revealed by Figure 13a is the first-retreat-then-advance migrating trend of the foreset toe with the increase of θ 2 . For a given θ 1 , the foreset toe first retreats with increasing θ 2 , reaches a limiting point at θ 2 = 20°, and then advances with further increases of θ 2 . The effect of varying θ 2 on the migration of foreset toe is minimal at this limiting point, but increases as θ 2 departs from the limiting point (as revealed by the increasing absolute gradient and grid spacing in θ 2 direction), and reaches a maximum at the greatest θ 2 . For a given θ 2 , however, the foreset toe invariably advances with increasing θ 1 . The effect of increasing θ 1 on the advance of foreset toe diminishes with the increase of θ 2 (as revealed by the decreasing gradient and grid spacing in θ 1 direction). Figure 13a reveals that a balance between the subaqueous-steepening-induced retreat and subaerial-steepeninginduced advance of foreset toe is only possible for a limited range of variations in θ 1 and θ 2 . Beyond that range, advances of foreset toe are dominated by increases in θ 2 at the steepest end of the spectrum or by increases in θ 1 at the mildest end of the spectrum. Figure 13a may be used to estimate the position of foreset toe based on the observed topset length and the subaerial/subaqueous slopes. Such information is particularly crucial for reservoirs infilled by prograding deltas, such as Tarbela Lake, where the delta front has approached the dam to the extent that the low-level outlets and power plant could be blocked by the liquefied sediment (Ahmed & Sanchez, 2011) . The Tarbela delta has a long topset (L t ≈ 30, estimated from Figure 1a ) and a subaerial slope of 0.0025, which places the delta on the lower right side of Figure 13a , where the advance of the foreset toe is highly sensitive to the increase of θ 1 . Located in a tectonically active region between the Indian and Eurasian plates, the Tarbela delta could advance farther downstream given the high rate of uplift that has been increasing to a present-day value of 5 mm/yr, accompanied by steepening of the subaerial slope over the last 20 Ma (Treloar et al., 1989) . This may explain, in part, why the observed delta progradation was faster than expected even though the observed average sediment inflow rate (0.106 billion m To address the second problem posed above, i.e., to estimate the underwater delta volume using the observed topset length, we plotted V f versus L t as a function of θ 1 and θ 2 (Figure 13b ). Unlike Figure 13a , where a first-retreat-then-advance migrating trend of the foreset toe is associated with increasing θ 2 , here V f increases monotonically with both θ 1 and θ 2 , although θ 2 has a wider range of influence on V f . These results are consistent with those shown in Figures 11d and 12d . Moreover, simultaneously increasing θ 1 and θ 2 would result in a much greater effect on V f . As an example, an increase in θ 1 and θ 2 from 5°to 35°leads to an increase in V f from 0.45 to 0.99, which is more than twice the original value. Also, unlike Figure 13a , where the effect on the advance of foreset toe only diminishes monotonically with increasing θ 1 , here the effect on the increase of V f diminishes monotonically with both increasing θ 1 and θ 2 (as revealed by the decreasing grid spacing in θ 1 direction and the decreasing gradient and grid spacing in θ 2 direction).
To apply this approach to estimate the underwater delta volume, the scaled topset length L t and subaqueous volume fraction V f are determined first from Figure 13b , based on the basement angles θ 1 and θ 2 . The observed topset length is divided by L t to yield the length scale ffiffiffi It p and hence the total volume of sediment It (per unit width). The subaqueous volume fraction V f is then multiplied by It to yield the unit-width underwater delta volume. It is worth noting that a value of V f > 0.625 is possible for all θ 1 but only for a narrow range of θ 2 (e.g., V f = 0.65 intersects all θ 1 but only intersects θ 2 = 6°∼ 11°), while a value of V f < 0.625 is possible for narrow ranges of θ 1 and θ 2 (e.g., V f = 0.55 only intersects θ 1 = 5°∼ 8°and θ 2 = 5°∼ 7°). This implies that while V f are always constrained by θ 2 , the smaller values of V f are constrained also by θ 1 . Hence, at the early stage of delta progradation V f is sensitive to the increase of θ 1 . The Tarbela delta, located on the lower right side of Figure 13b , therefore has its subaqueous volume fraction highly sensitive to the steepening of subaerial slope caused by increasing rate of tectonic uplift.
Here we have highlighted the importance of geometric controls on partitioning of sediment between subaerial and subaqueous delta components. The novel approach presented here, albeit based on some simplifying assumptions, offers a useful analytical framework and specific directions for further studies of deltaic morphologies.
Conclusions
In this study we used a combination of analytical and experimental approaches to investigate the morphologies of Gilbert deltas that prograde over segmented basements with unequal subaerial and subaqueous slopes. For each case considered, the scaled profiles of the evolving delta collapse to a single profile for constant water and sediment influxes, allowing us to use the analytical self-similar profiles to investigate the individual effects of subaerial and subaqueous slopes.
Individually varying the subaerial and subaqueous slopes exerts asymmetric effects on the deltaic morphologies. Increasing the subaerial slope advances the entire delta. Increasing the subaqueous slope advances the upstream boundary of the topset yet causes retreat of the downstream boundary. The foreset toe exhibits a first-retreat-then-advance migrating trend with increasing subaqueous slope. The subaerial topset lengths are invariably reduced, while the subaqueous volume fractions are invariably increased, which implies that a decrease in subaerial topset length is always accompanied by an increase in subaqueous volume, no matter which segment is relatively steepened.
The results have useful implications for real-world delta systems subjected to tectonic uplift in the upstream segment and/or subsidence in the downstream segment. Both of the scenarios would exhibit a decrease in subaerial topset length, which may be seen as an indication of the accompanied increase in subaqueous volume fraction, signaling tectonic uplift and/or subsidence that are at play. While the subaqueous volume fractions are always constrained by the subaqueous slope, the smaller subaqueous volume fractions are constrained also by the subaerial slope. Hence, at the early stage of delta progradation the subaqueous volume is sensitive to the steepening of subaerial slope.
An order-of-magnitude difference between the subaqueous-steepening-induced shoreline retreat and subaerial-steepening-induced shoreline advance precludes the possibility that shoreline retreat can be counterbalanced by shoreline advance. For the delta front, a balance between the retreat and advance is only possible for a limited range of variations in subaerial and subaqueous slopes. Beyond that range, advances of delta front are dominated by increases in subaqueous slope at the steepest end of the spectrum or by increases in subaerial slope at the mildest end of the spectrum.
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We highlight herein the importance of geometric controls on partitioning of sediment between subaerial and subaqueous delta components. The novel approach presented here may offer a useful analytical framework and specific directions for future research. A number of factors that may be relevant to the delta morphodynamics and stratigraphy in a two-slope setting, such as channel avulsion, sea level change, hyperpycnal turbidity current and plume, density stratification of the basin, grain sorting, and wave and current energy were, however, not incorporated in this work and remain challenging issues to be addressed in future studies.
Notation
A, B integration constants defining the shape function (À); A (1) , B
integration constants determined from upstream boundary condition (À); ); R slope at angle of repose (À); S local bed slope (À); S 1 , S 2 slopes of subaerial and subaqueous basements (À); S min threshold bed slope required for bed load transport (À); s (1) (t), s (2) (t) evolving positions of bedrock-alluvial transition and shoreline (L); t time (T); V f scaled (nondimensionalized) subaqueous delta volume (fraction) (À); V f0 scaled subaqueous delta volume over the reference single-slope basement (À); V t scaled (nondimensionalized) subaerial delta volume (fraction) (À);. V t0 scaled subaerial delta volume over the reference single-slope basement (À); x, z horizontal and vertical coordinates (L); z(x, t) evolving bed profile (L); z 0 (x) initial basement elevation profile (L); α dimensionless parameter for diffusivity (À); θ 1 , θ 2 subaerial and subaqueous basement angles (degree);
scaled positions of bedrock-alluvial transition and shoreline (À); λ 0
(1) scaled bedrock-alluvial transition over the reference single-slope basement (À); λ 0 (2) scaled shoreline over the reference single-slope basement (À); ρ s , ρ w densities of sediment and water (ML À3 ); σ scaled horizontal coordinate (À); ϕ angle of repose (degree).
